Nitrate-grown cells of Synechococcus PCC 7942 (Anacysts nidulans R2) contain a 45-kDa protein as a major protein in the cytoplasmic membrane but ammoniumgrown cells lack it. A mutant (M45) was constructed by inactivating the gene encoding the 45-kDa protein. M45 did not grow under low concentrations of nitrate but high concentrations of nitrate could support its growth, with the optimal concentration being 40-70 mM. The growth rate of M45 was as high as that of the wild-type cells when ammonium was the nitrogen source. The 45-kDa protein was absent in M45 irrespective of the growth conditions. The activities of nitrate and nitrite reductases were higher in M45 than in wild type. The rate of nitrate-dependent 02 evolution in wild ype measured in the presence of L-methionine D,L-sulfoximine and D,L-glyceraldehyde showed saturation kinetics with respect to nitrate concentration in the external medinm. The nitrate concentration required to produce half the maximal rate was 1
IuM. In M45, the rate of nitrate-dependent 02 evolution was nearly zero at nitrate concentrations <1 mM and was linearly increased as the concentration increased. The presumed absence of nitrate transport in M45 demonstrated by these results suggested that the 45-kDa protein is a nitrate transporter.
Nitrate is the major nitrogen source for cyanobacteria in their natural environment. The first step of nitrate utilization is the entrance of nitrate into the cells mediated by an active transport system (1) (2) (3) . Once nitrate enters the cells, it is converted into ammonium and then incorporated into carbon skeletons. Little information is available about the entrance of nitrate into the cell. The transport of nitrate would require the participation of special protein(s) in the cytoplasmic membrane. Investigation of such protein(s) is an important step in the elucidation of the mechanism of nitrate transport.
When used as the nitrogen source, ammonium suppresses the synthesis of both nitrate and nitrite reductases in cyanobacteria (4, 5) . These observations on the suppression of the nitrate-utilizing system led us to investigate the effect of ammonium on the protein composition of the cytoplasmic membrane of Synechococcus PCC 7942. Nitrate-grown cells of Synechococcus contain a 45-kDa protein as a major component of the cytoplasmic membrane (6) . We used, NaNO3 in BG-11 medium was replaced by NaCl. The nitrate-free medium was supplemented with various concentrations of KNO3 when the nitrate concentration was changed. Ammonium-grown cells were obtained in the nitrate-free medium supplemented with 1 mM (NH4)2SO4. All media were buffered with 20 mM N-Tris(hydroxymethyl)-2-amino-methanesulfonic acid-NaOH (pH 8.0).
DNA and RNA Techniques. Total DNA and RNA were extracted and purified from cells ofSynechococcus according to Williams (8) and Golden et al. (9) , respectively. Manipulations and analyses of DNA and RNA including Southern and Northern analyses were performed according to standard protocols (10) . DNA probes for hybridization analyses were labeled with 32P according to Feinberg and Vogelstein (11) .
Screening of a Agtll Genomic Library. A genomic library of Synechococcus PCC 7942 was constructed using the bacteriophage expression vector Agtl1 (12) . A clone containing a part of the 45-kDa protein gene was isolated on a lawn of Escherichia coli Y1090 host cells according to Snyder and Davis (13) , using rabbit antiserum raised against the 45-kDa protein as a probe (6) .
Transformation of Synechococcus. The cloned gene fragment was interrupted by the aminoglycoside 3'-phosphotransferase gene [the "kanamycin-resistance (Km9 cartridge"] that originated from the bacterial transposon Tn9O3 (14) . The plasmid containing the modified gene was used to transform the wt cells of Synechococcus PCC 7942 into the Kmr mutant. The protocol for the transformation has been reported by Williams and Szalay (15) .
Electrophoresis and Immunostaining of Cytoplasmic Membranes. Cytoplasmic membranes were prepared as described (16) . SDS/PAGE was performed in the buffer system of Laemmli (17) . For immunoblotting, proteins were electrotransferred to nitrocellulose and reacted with the antibody against the 45-kDa protein, which had been affinity-purified using the Agtll recombinant isolated from the library (13) .
Growth Curves. Growth curves were determined from the OD at 730 nm measured using a Shimadzu (Kyoto, Japan) recording spectrophotometer (model (18) . The reaction mixture (30 ml) contained 100 mM NaHCO3/Na2CO3 (pH 10.5), 5 mM KNO3, 4 (19) . The concentration of nitrite was determined using a Technicon autoanalyzer (20) .
Measurements of Nitrate Uptake and Nitrate-Dependent 02 Evolution. For the measurement of nitrate uptake, cells were washed with nitrate-deficient medium and suspended in the same medium supplemented with 5 mM NaHCO3 at a Chl concentration of 10 ug/ml. The reaction was started by adding 100 ILM KNO3 to the cell suspension kept at 300C in the light (120 l&mol of photosynthetically active radiation per m2per s1) and stopped by centrifugation (16,000 x g, 40 s).
The concentration of nitrate in the supernatant was determined using the Technicon autoanalyzer (20) .
When nitrate-dependent 02 evolution was measured, cells were treated with L-methionine D,L-sulfoximine (an inhibitor of glutamine synthetase) as described (21) Fig. 2A ) that had been fused in frame to the lacZ and cytoplasmic membranes were isolated from M45 and wt cells grown in the presence of 40 mM nitrate.
Genomic DNA from M45 was analyzed by Southern hybridization, using the 0.49-kbp Sma I-EcoRI fragment as a probe (Fig. 3B, lanes 3 and 4) . The hybridizing band in BamHI digest of M45 DNA (Fig. 3B, lane 3) was located at 2.5 kbp, which was larger by 1.3 kbp than that of wt DNA (Fig. 3 B, lane 1, and A, lane 3) . This band was split into two bands by HindIII (Fig. 3B, lane 4) while the hybridizing band of wt DNA was not affected (Fig. 3B, lane 2) . The results indicated that Kmr cartridge was inserted into the gene for the 45-kDa protein. This was confirmed by Southern hybridization using the Kmr cartridge as a probe; the two probes hybridized with the same bands in M45 DNA (Fig. 3B, lanes  3 and 5 and lanes 4 and 6) .
Northern hybridization analysis of total RNA, using the 0.49-kbp Sma I-EcoRI fragment as a probe, indicated the presence of a hybridization signal corresponding to a 1.4- (Fig. 3C, lane 3) but not in M45 (Fig. 3C, lane 4) . The size of the transcript was close to that expected for a mRNA encoding one protein of molecular mass of 45 kDa.
The electrophoretic profiles showing Coomassie-staining patterns of proteins in the cytoplasmic membranes of wt and M45 were essentially identical to those of nitrate-grown (Fig.  1, lanes 1 and 2) and ammonium-grown (lanes 3 and 4) cells of wt, respectively. The high concentration of nitrate had no effect on the protein composition of the cytoplasmic membrane in wt. The absence of the 45-kDa protein in M45 was more clearly demonstrated by the immunostaining of the cytoplasmic membranes solubilized by heating; in the mutant, there was no band at 45 kDa that reacted with the antibody against the 45-kDa protein (Fig. 3D, lane 2) , whereas the 45-kDa band in wt was densely stained (Fig. 3D, lane 1) .
Growth of M45. When ammonium was the nitrogen source, the growth rate of M45 was as high as that of wt (Fig. 4A) with the specific growth rates being 1.3 and 1.45 days-1 for M45 and wt, respectively. M45 did not grow in a medium containing 2 mM KNO3 although the same medium supported a high growth rate in wt (Fig. 4B) , indicating that the mutant cannot utilize nitrate efficiently. Higher concentrations of nitrate supported the growth of M45, with the optimal concentration being 40-70 mM (Fig. 5) . When M45 was grown in a medium containing nitrate at concentrations lower than 40 mM, the cells became yellowish green probably due to nitrogen deficiency. In contrast, the growth rate of wt was nearly constant at nitrate concentrations between 1 and 70 mM (Fig. 5) . Nitrate concentrations >70 mM were inhibitory to the growth of both wt and M45. Nitrate and Nitrite Reductae. Since M45 utilizes ammonium as the nitrogen source, the defect in the mutant must be either at the entrance of nitrate into the cells by an active transport system or at the two-step reduction of nitrate to ammonium catalyzed by nitrate and nitrite reductases. The activity of nitrate reductase in M45 measured in situ was 200 pmol per mg of Chl per hr, which was higher than the rate of 70 ,umol per mg of Chl per hr obtained for wt. The activity of nitrite reductase in M45 measured on a crude extract was 20 ,umol per mg of protein per hr. which was also higher than the value of 12 ,umol per mg ofprotein per hr obtained for wt. The high activities of these two enzymes in M45 clearly showed that the defect in the mutant is not on these enzymes.
Nitrate Uptake. With an initial nitrate concentration of 100 ,uM in the external medium and a cell density of 10 trations between 10 and 100 ,LM (Fig. 6) . Thus, wt cells have a very high affinity for extracellular nitrate. Similar results have been reported with Anacystis nidulans strain L 1402-1 (1) . In contrast, M45 cells have a very low affinity to nitrate and did not take up nitrate under these conditions (Fig. 6 ).
Nitrate-Dependent 02 Evolution. The reduction of nitrate to ammonium requires eight electrons and the amount of 02 evolved in nitrate-dependent 02 evolution is twice that of nitrate reduced (1) . The rate of nitrate-dependent 02 evolution in wt measured as a function of nitrate concentration in the external medium reached a saturation level at 30 ,uM (Fig.  7A) . The nitrate concentration required for half the saturation was about 1 ,uM, being close to the value (3.9 zM) for nitrate uptake by Anacystis nidulans strain L 1402-1 (2) .
In M45, the nitrate-dependent 02 evolution could be detected only at nitrate concentrations >1 mM. The activity increased linearly as the nitrate concentration increased (Fig.  7B) , suggesting that nitrate enters the M45 cells by passive diffusion. The rate of nitrate-dependent 02 evolution in M45 measured at the nitrate concentration of 100 mM was as high as the maximal rate in wt. This is further evidence that both nitrate and nitrite reductases are functioning normally in M45.
DISCUSSION
The 45-kDa protein has been shown to be present in the cytoplasmic membrane of four strains of cyanobacteria; namely, Synechococcus PCC 7942 and 6301 (6, 16, 22) and Synechocystis PCC 6803 and 6714 (6, 23) . This protein was present in nitrate-grown cells but not in ammonium-grown cells (Fig. 1) . Ammonium is known to repress the synthesis of nitrate and nitrite reductases (4, 5) . Thus, a common mechanism seems to regulate the synthesis of the 45-kDa protein and the reductases. This suggests the involvement of the 45-kDa protein in nitrate assimilation but does not prove it. To test this possibility, we have cloned the gene for this protein, constructed a defined mutant that lacks the protein, and investigated the physiology of the mutant.
A 5.8-kbp DNA fragment carrying a 582-nucleotide gene fragment for the 45-kDa protein was obtained from a genomic library of Synechococcus PCC 7942 constructed in Agtll phage (Fig. 2) . Insertion of Kmr cartridge into this gene resulted in loss ofthe 1.4-kb RNA transcript (Fig. 3C ) and the 45-kDa protein (Fig. 3D) (Fig. 4A) , the defect of M45 is not on the metabolic pathway at/or beyond the incorporation of ammonium into carbon skeletons. The presence of high activities of nitrate and nitrite reductases in M45 excludes the possibility of this mutant being defective in biosynthesis or assembly of functional reductases. The following observations also indicate the operation of the nitrate-reducing system in M45 in vivo.
(i) The rate of nitrate-dependent 02 evolution in M45, when measured at high concentrations of nitrate in the medium, is close to the maximal rate in wt (Fig. 7) . (it) High concentrations of nitrate support the growth of M45 (Fig. 5) . Thus, the defect in M45 is apparently at the site of nitrate transport.
In M45, there exists a linear relationship between the rate of nitrate-dependent°2 evolution and the concentration of nitrate in the external medium (Fig. 7B) . This finding suggests that nitrate enters the cells by passive diffusion. The permeability coefficient for nitrate calculated using the values in Fig. 7 and the surface area of 4.4 x 1 cm2/mg of Chl (24) was 2 x 10-8 cm/s.
The absence of nitrate transport in M45 clearly demonstrated that the 45-kDa protein is essential for this process. Localization of this protein in the cytoplasmic membrane suggests that the 45-kDa protein is a nitrate transporter. There remain, however, other possibilities; e.g., the 45-kDa protein might be necessary for assembly of the nitratetransporting system or it might be involved in the transport of another ion(s) that is coupled to the transport of nitrate.
Further studies are needed to clarify the function of this protein.
